While most models of cochlear function assume the presence of only two windows into the mammalian cochlea (the oval and round windows), a position that is generally supported by several lines of data, there is evidence for additional sound paths into and out of the inner ear in normal mammals. In this report we review the existing evidence for and against the 'two-window' hypothesis. We then determine how existing data and inner-ear anatomy restrict transmission of sound through these additional sound pathways in cat by utilizing a well-tested model of the cat inner ear, together with anatomical descriptions of the cat cochlear and vestibular aqueducts (potential additional windows to the cochlea). We conclude: (1) The existing data place limits on the size of the cochlear and vestibular aqueducts in cat and are consistent with small volume-velocities through these ducts during ossicular stimulation of the cochlea, (2) the predicted volume velocities produced by aqueducts with diameters half the size of the bony diameters match the functional data within ±10 dB, and (3) these additional volume velocity paths contribute to the inner ear's response to non-acoustic stimulation and conductive pathology.
Introduction
Traditional models of cochlear function consider the inner ear to be filled with incompressible fluid and surrounded by rigid incompressible bone, with the exception of two mobile windows: the oval window (OW) and the round window (RW) (Zwislocki, 1950 (Zwislocki, , 1965 Peterson and Bogert, 1950) . This view has been supported by animal measurements of the sensitivity of the inner ear to direct sound stimulation at the OW and RW (e.g. Wever and Lawrence, 1950; Voss et al., 1996) , and by the similarity of the simultaneous volume displacements of the two windows with sound stimulation of the oval window (Kringlebotn, 1995; Stenfelt et al., 2004) . The most telling results of these window stimulation studies are that simultaneous stimulation of the cochlear windows by equal level tones of the same frequency (the magnitude of the sound pressure at the oval, P OW , and round window, P RW , are equal) 1). produces maximum cochlear response (measured by roundwindow cochlear microphonic) when the tonal stimuli are exactly out-of-phase (:P OW À :P RW ¼ ±p radians), and 2). produces a minimum in cochlear microphonic when the two stimuli are exactly in-phase (:P OW ¼ :P RW ). Voss et al. (1996) demonstrated that the relative sensitivity of the cochlea to equal sound pressure at the OW and RW was at least 30e40 dB lower than the sensitivity to an equal magnitude sound pressure delivered to just one of the windows. The ratio of these sensitivities is the Common Mode Rejection Ratio (CMRR), which is sensitive to additional volumevelocity paths in the ear: In general, the more significant the additional paths, the lower the CMRR. Although this relationship between low CMRR and significant shunt pathways breaks if the shunts are applied symmetrically in a symmetric system, the inner ear is inherently asymmetric with a relatively high-magnitude impedance of the stapes and its ligament at the OW, and a relatively low-magnitude impedance of the round-window membrane at the RW.
Another factor that limits the CMRR is the presence of compressible cochlear contents. Indeed, the contribution of such compressibility is difficult to distinguish from the effect of additional anatomical windows. Shera and Zweig (1992) estimated in humans that equating the compressibility of the cochlear contents with the physical compressibility of water would lead to window stimulation differences that are comparable to the highest CMRRs measured by Voss et al. (~40e50 dB) .
Other physical investigations of additional volume-velocity paths out of the cochlea are comparisons of the volume displacement of the OW and RW when the OW is stimulated by stapes motion (Kringlebotn, 1995; Stenfelt et al., 2004) . Though the data suggest window volume displacements can differ by as much as 40% (up to 3 dB), this near equality is used as evidence against the importance of additional cochlear sound pathways.
Our interest in investigating the contribution of additional normal sound pathways in the inner ear (besides the OW and RW) comes from recent clinical data by Coletti and others, who use direct mechanical stimulation of the RW as a treatment for conductive hearing loss (Colletti et al., 2006; Beltrame et al., 2009; Tringali et al., 2009 ). This work suggests that direct RW stimulation can help patients with multiple conductive disorders, including those with immobilized stapes footplates. Such reports are contrary to the two-window incompressible cochlear model that predicts immobilization of either OW or RW produces a total conductive hearing loss that cannot be effectively treated by stimulation of the other window.
A further contradiction of the two-window models is that RW occlusion, which should produce a large 60 dBþ hearing loss, appears to have inconsistent effects on hearing. Tissue grafts placed on the RW in patients actually appear to improve hearing (Houghson, 1937) . Reports of patients with RW atresia (bony closure of the window) usually describe hearing losses of only 20e40 dB (Linder et al., 2003; Borrmann and Arnold, 2007) . There are also a number of animal measurements (e.g. Tonndorf and Tabor, 1962; Nageris et al., 2012; Cai et al., 2013) that suggest that RW immobilization produces less-than-total reductions in ossicularly conducted hearing, with losses of only 20e45 dB.
Other evidence for the existence for additional sound pathways in and out of the cochlea comes from studies investigating nonossicular sound conduction to the inner ear. Stenfelt et al. (2004) demonstrated a frequency-dependent inequality of the volume displacements of the OW and RW produced by bone-conducted vibrations of a human temporal bone, while Tonndorf and Tabor (1962) , and Chhan et al. (2016) demonstrated that RW or OW immobilization produced relatively small decreases in the cochlear response in animals stimulated by bone-conduction vibrators. Finally, using mechanical stimulation of the RW in a human cadaveric preparation, Stieger et al. (2013) detected sound flow through an additional sound pathway located on the vestibular side of the cochlea.
The purpose of this paper is to use a model based on cochlear anatomy and physiological measurements in domestic cat, together with independent physiological measurements of the CMMR in the same species (Voss et al., 1996) to place anatomical and physiological limits on the effect of additional sound pathways on the response of the ear to stimulation of the RW and OW.
Methods
We use the cat inner ear, because we know much about its anatomy, acoustics and macromechanics; data also exist that describe how the cochlear microphonic (a measure of the sensory mechanism in the ear) is affected by simultaneous stimulation of the OW and RW in cat (Voss et al., 1996 ). An existing model (Lynch et al., 1982) is modified by the addition of an anatomically realistic cochlear aqueduct (CA) and vestibular aqueduct (VA), where these fluid-filled connections between the cochlea and the brain are often hypothesized to act as additional sound pathways into and out of the inner ear (e.g., Gopen et al., 1997; Sohmer et al., 2000; Stenfelt, 2015; Elliott et al., 2016) . The modified model is used to predict the effect of these additional windows on the cochlea's response to sound stimulation of both windows. We also use the model to predict 1) difference in the RW and OW volume velocities when one window is stimulated, and 2) the effect of window fixations on cochlear sensitivity.
The baseline model of stapes and cochlear input impedance in cat
In the two-window model of Lynch et al. (Fig. 1 and Table 1), the input impedance of the inner ear, Z SC , is the series combination of three impedances:
where the impedance of the stapes, annular ligament and the fluid within the vestibule is 
the impedance of the cochlear partition-helicotrema complex is
and the impedance of the RW is
The form of the model is similar to others (e.g. Zwislocki, 1962) . Lynch et al. (1982) adapted the combination of the cochlear partition and helicotrema from Dallos (1970) , where the resistance of the partition, R C , is defined by the transmission-line like impedance of the cochlear partition and fluid-filled scalae, and the parallel mass and resistance, R H and M H , model the shunting of volume velocity around the partition by the helicotrema. Other more complicated models of the cochlear impedance in cat exist (e.g. Puria and Allen, 1991; Marquardt and Hensel, 2013) ; however the Lynch circuit fits the measured impedances with a good level of accuracy in both magnitude and angle, and has fewer parameters.
Note that in this two-window (2w) series circuit, the ratio of stapes volume velocity to sound stimulation at the OW when P RW ¼ 0 is precisely equal to the ratio of RW volume velocity to sound pressure at the RW when P OW ¼ 0, and both equal one over the sum of the impedances of the three model blocks (Eq (1)):
This simplification occurs, because in the two-window model the input impedance at the RW equals the input impedance at the OW (Z SC ). The equality of these impedances requires the specification of volume-velocity directions and signs used in Fig. 1 , which further specifies that stimulation of either windows produces volumevelocities at the other window that are p radians out of phase, i.e,
The impedances associated with each of the model branches and their sums are illustrated in Fig. 2 . Note the frequency range of 10e20,000 Hz. At frequencies between 10 and 200 Hz, the compliance of the OW dominates Z SC ; at higher frequencies the resistance of the cochlea and the masses of the stapes and vestibule play a large role in determining Z SC .
The presence of parallel fluid pathways: addition of the aqueducts and the brain cavity
Following the work of Gopen et al. (1997) , and Elliott et al. (2016) , we supplement the model of Fig. 1 with the impedances of two fluid-filled pathways ( Fig. 3 ): 1) the vestibular aqueduct, Z VA , between the vestibule and the fluid-filled braincase, and 2) the cochlear aqueduct, Z CA , between the scala tympani just inside the RW and the fluid-filled braincase. In cat, and in all mammals, the vestibular aqueduct connects the endolymphatic spaces within the inner ear to the endolymphatic sac, which is bounded by the membranes around the brain; the cochlear aqueduct connects the perilymph spaces within the inner ear to the cerebrospinal fluid space that bathes the brain. In the model of Fig. 3 , we lump the impedances of all of the cranial membranes, soft-tissues and fluids into a single impedance, Z Brain , which is defined by the adiabatic compressibility of a water-filled brain cavity.
In humans, the braincase has a volume on the order of liters, and the impedance that terminates the aqueducts is relatively small compared to the impedances of the ducts. In cat, the brain volume is only about 30 cm 3 , and the impedance associated with the compressibility of the fluid in such a small space will be shown to be significant compared to the ductal impedances at frequencies less than 100 Hz: The combined stapes, annular ligament and vestibule impedance (Z SAV ) is modeled by an acoustic mass of the stapes M S , in series with a compliance and resistance associated with the ligament (C AL and R AL respectively), and an acoustic mass M V that represents the fluid space in the vestibule between the stapes and the cochlea. The impedance of the cochlea and helicotrema (Z CH ) is modeled by R C , roughly equivalent to Zwislocki's (1965) input impedance of the cochlear partition and scala fluid, in parallel with a mass and resistance of the helicotrema, M H and R H respectively. The impedance of the RW (Z RW ) is determined by its compliance C RW . Four sound pressures (the analog of voltages) are noted: P OW and P RW are the sound pressures lateral to the OW and RW. P SV is the sound pressure within the inner ear at the oval window entrance to the scala vestibuli and P ST is the pressure in scala tympani just medial to the RW. Three volume-velocities (the analog of electrical currents) are illustrated: U S is the volume velocity of the stapes footplate, U CH is the volume velocity across the cochlearhelicotrema complex, and U RW is the volume velocity of the RW. In this simple twowindow model, and given the illustrated sign conventions:
Emboldened variables code complex quantities with magnitude and angles. 
Fig. 4 shows collections of histologic sections of the two aqueducts from one cat ear where the brain was removed. It also shows approximations of these ducts in terms of concatenated cylindrical tubes. These tube models are somewhat simplistic in that a significant length of each of the ducts near the brain side termination is better described as a 'slit' with an elliptical cross-section significantly longer in one dimension. However, in each duct there is a lengthy narrow tube-like section that is well captured by the models of Fig. 4 , and this narrow length is the dominant factor in the tubal impedances.
2.3. The impedances of the aqueducts and the contribution of the compliance of the brain cavity Fig. 5 compares computations of the impedances associated with sound transmission through the two model aqueducts from the inner ear to their opening in the brain, under the condition of zero sound pressure within the brain. The ductal impedances are computed by the concatenation of the impedances of the different tubes using transmission (ABCD) matrix descriptions of each tube (e.g. Egolf, 1977) , where the termination of the first tube is an infinite water-filled space. The computations of the tube impedances use the density, compressibility and viscosity of water, and include both viscous and heat losses. The computations are described in Appendix A. The impedance of both ducts is well approximated by the series combination of an acoustic resistor and mass (Table 2, Eq (8)).
The impedance of the vestibular aqueduct, with its narrow segment at the entrance to the inner ear, is computed to be a factor of 2.5e12 times larger than Z CA . Fig. 5 also includes our estimate of Z Brain , which demonstrates this impedance can be large compared to the ductal impedances at frequencies less than about 100 Hz. The 'Full Diameter' impedances in Fig. 5 were computed assuming the contents of the bony ducts have water-like properties. The 'Half Diameter' computations are an attempt to compensate for reductions in the effective cross-sectional area of the ducts by nonwater-like tissues and other ductal contents that may have a higher impedance than water.
3. Model predictions of the effect of the bony cochlear and vestibular aqueducts on sound transmission through the inner 3.1. Contributions of water-filled bony aqueducts to the input impedance observed at the oval and round window
In the two-window model, the impedance looking into either the OW or RW, when the sound pressure at the other window is zero, is Z SC , as described in Eq (1). In the model of Fig. 3 , with the two additional parallel paths that terminate in the common braincase, the calculation of the impedances looking into either the OW or RW requires a more complex solution. We solved the circuit of Fig. 3 for the six volume velocities produced by a known sound stimulus at the OW and zero sound pressure at the RW using a set of six independent equations: three nodal Fig. 2 . Impedances of the blocks of the two-window model of Lynch et al. (1982) . The three block impedances of the circuit of Fig. 1 are illustrated along with Z SC , the series combination of the three impedances (Eq (1)). volume-velocity equations, one each at the P SV , P ST and P Brain nodes:
and three loop sound-pressure (the analog of voltage) equations, one for each of the three loops described in Fig. 3 :
The six volume velocities produced by stimulation of the OW were computed using the MATLAB linsolve function, which solves the matrix equation A*X ¼ B, where A is a 6 Â 6 matrix in which each row contains the coefficients to the volume velocities described in one of the node or loop equations above, and B is a column vector containing the entries on the right side of the six equations. The solution is the row vector X containing the six volume velocities associated with a stimulus P OW ¼ 1, and P RW ¼ 0. A similar set of equations was used to define the six circuit volume velocities that result from a stimulus P RW ¼ 1, and P OW ¼ 0. From the computed volume velocities, we compute the pressures at the six circuit nodes, the input impedance at the OW and RW, and volume-velocity ratios describing the fraction of volume velocity at the input that is distributed through the circuit branches. The input impedance that works against an OW sound source, when P RW ¼ 0, and the input impedance that works against a RW sound source when P OW ¼ 0,
are compared to the 2-window Z SC in Fig. 6 . The input impedance at the OW with the aqueducts is very similar to Z SC across the entire frequency range, in part due to the dominance of the stapesannular ligament-vestibule impedance, Z SAV , in the impedances measured at the OW in either case. The input impedance at the RW with the aqueducts is lower than Z SC at frequencies below 400 Hz as a result of the low impedance CA shunt between the low impedance Z RW and the other impedances. The inequality introduced in the OW and RW impedances by the two aqueducts means that equal sound pressure stimulation at the OW or RW alone produces unequal volume velocity at the input windows at frequencies <4000 Hz, where:
and 1 at the RW (P RW ¼ 1) will generally produce a volume velocity of the RW that is larger (by as much as a factor of 4 below 200 Hz) and of more negative phase angle than the volume velocity of the OW produced by P OW ¼ 1.
Predictions of the cochlear response with sound-pressure stimulation of either the OW, RW or both simultaneously
We use U CH , the volume velocity driven through the Z CH branch of the model (Eq (3)), as an estimate of the cochlear response. U CH is also an indirect measure of the sound-pressure difference across Z CH , where P CH ¼ U CH Z CH . Since the Z CH branch is unchanged by the addition of the aqueducts, changes in U CH are equivalent to changes in the pressure difference across the cochlear partition, which is often used as an estimator of hearing function (Nakajima et al., 2009) .
Let us first consider the 2-window case, when Z CA and Z VA are 
Table 2
Additional element values used in the parallel pathways model. considered infinite in magnitude (Fig. 2) . In this condition a sound pressure at the OW, with P RW ¼ 0, produces a volume velocity of the stapes of U S ¼ P OW /Z SC (from Eqs (1) and (5)). Because of the series arrangement of the 2-window circuit elements, U CH ¼ U S, and U RW ¼ ÀU S . If we then stimulate the RW, with zero sound pressure at the OW, U RW ¼ P RW /Z SC , and U CH ¼ U S ¼ ÀU RW . Superposition, then tells us that the stimulation of both windows by sound pressure of equal magnitude and phase (P OW ¼ P RW ) results in zero volume velocity all along the circuit, e.g.,
The introduction of Z CA and Z VA breaks the simple series relationship between the three volume velocities, allows differences between the magnitudes of U S , U RW and U CH , and permits differences in the angles of these quantities other than 0 or p. Fig. 7 illustrates five of the circuit volume velocities normalized by U S during only OW stimulation (Fig. 7a) , and normalized by U RW during only RW stimulation (Fig. 7b) . None of these ratios have magnitudes precisely equal to 1 at any frequency. Furthermore, when the stimulus is presented to the RW the asymmetry in the circuit, imposed by the relatively high-impedance Z SAV at the P OW input and the low-impedance Z RW at the P RW input, reduces U CH / U RW and U S /U RW at frequencies below 400 Hz compared to these volume velocities with OW stimulation. Also, note the introduction of the aqueducts has little effect on the equality of U CH , U S and U RW at frequencies greater than 1 kHz, regardless of which window is stimulated. The near unity of U RW /U S at all frequencies with OW stimulation is consistent with measurements of this volumevelocity ratio during air-conduction stimulation in temporal bones from human and other mammals (Kringlebotn, 1995; Stenfelt et al., 2004) . Fig. 7 also illustrates the volume velocities U VA , U CA and U B normalized by the stimulus volume velocity for either OW or RW stimulation. With OW stimulation (Fig. 7a) , these 'shunt' volume velocities are all of smaller magnitude than U RW or U CH , with U B approaching the magnitude of U RW or U CH near 250 Hz. Also note that Fig. 3 requires that U B ¼ U VA þ U CA (Eq (9c)). At frequencies less than 200 Hz, the smaller magnitude of U B results because U VA and U CA are of similar magnitude but different phase. At frequencies above 500 Hz, U VA >> U CA and U B~UVA .
With RW stimulation (Fig. 7b) , the low-impedance Z CA causes U CA and U B to be the largest volume velocities at frequencies less High dB values suggest low sensitivity to 'common-mode' (equal pressure) stimulation at the two windows. The two predictions are from the multi-window model with the two aqueducts. The 'Full Diameter' model uses duct dimensions estimated from the bony ducts. The 'Half Diameter' predictions assume that half of the bony diameters are filled with rigid incompressible tissue. Also plotted are the median and ± interquartile ranges of the Voss et al. (1996) measurements of CMRR in cat.
than 400 Hz, with the cochlear stimulus and stapes volume velocities (U CH and U S respectively) at about 25% of the magnitude of the stimulus volume velocity U RW . At frequencies above 1000 Hz, the increasing impedances of the cochlear and vestibular aqueduct lead to the 2-window case where U CH~US~URW . Throughout the frequency range of our calculations the significantly higher impedance of Z VA compared to Z CA leads to U VA < U CA~UB during RW stimulation.
We used the model volume velocities to compute a Common Mode Rejection Ratio (CMRR), the metric used by Voss et al. (1996) to quantify volume-velocity loss or compression within the cochlea, where little loss of volume velocity is consistent with a large CMRR ratio. We can define CMRR for our circuit with the following:
The OW superscript marks the presence or absence of a sound pressure of 1 Pa acting on the stapes in the OW (P OW equals either 0 or 1 Pa). The RW subscript marks the presence or absence of a sound pressure of 1 Pa acting on the lateral surface of the round window (P RW equals either 0 or 1 Pa). In the 2-window model, the denominator of Eq (14) is 0 and CMRR is infinite. In our circuit, (Fig. 3) with the dimensions of the two aqueducts defined by their boney walls (Fig. 4) , we compute a finite CMRR, noted by the dashed line in Fig. 8 . The computed CMRR with the bone-defined aqueducts (Full Diameter) has a value of 35e40 dB at frequencies above 1000, which reduces to near 0 dB near 200 Hz, and goes up at lower frequencies. Voss et al. (1996) estimated CMRRs over the frequency range of 50e1000 Hz with median values that varied from 25 to 35 dB: values that the Full Diameter aqueduct model underestimate by 10e30 dB, except near 1000 Hz where the Full Diameter predicted CMMR matches the Voss measurements. Therefore, over much of the frequency range of the Voss measurements, the Full Diameter prediction predicts larger volumevelocity flows through the CA and VA than can be accounted for by the measurements.
3.3. The effect of reductions in the diameter of the aqueduct to compensate for the presence of soft tissues in their lumens
As seen in the anatomical sections of Fig. 4 , there is a significant amount of soft tissue within the lumens of the bony tubes that make up the two aqueducts. The assumption that these ductal tissues have the physical properties of water is a significant factor in the Full Diameter predictions of CMRRs that are significantly smaller than those measured by Voss et al. (1996) . Now we investigate the possible effect of that tissue by assuming it effectively reduces the diameter of the ductal lumens by a factor of 2. This reduction leads to significant increases in the impedance of the aqueducts: Fig. 5 and Table 2 contain estimates of the Half Diameter impedances that are larger than the Full Diameter impedances by a factor of about 3 at frequencies above about 400 Hz (where the masses of the ducts dominate the impedance), and by a factor of about 12 at lower frequencies (where the resistances in the ducts govern their impedance). The halving of the ductal diameters and the concomitant increase in Z CA and Z VA significantly increase the input impedance seen at the RW near 100 Hz (compare Figs. 6 and 9), primarily due to the increase in Z CA .
However, the alteration in diameter has little effect on the impedance at the OW (Fig. 9) . Fig. 10 shows the computed volume-velocity ratios after halving the ductal dimensions; please compare with Fig. 7 . The larger Z CA and Z VA lead to increased similarity of U S , U CH and U RW over a broader frequency range, and decreases in U CA , U VA and U B . Again, the largest volume velocity through the ducts is the U CA observed with RW stimulation, which at frequencies below 100 Hz is greater than either U S or U CH .
The CMRRs computed with the Half Diameter models of Z CA and Z VA are significantly larger than those computed with the Full Diameter ductal impedances (Fig. 8) , and provide a better match to the CMRR measurements of Voss et al. (1996) , where the differences between the measurements and the Half Diameter CMRR predictions are less than 10 dB. The improved match of the Half Diameter prediction and the measured CMRR suggests the Voss data: 1) are consistent with significant (>1%) volume-velocity flow through the cochlear and vestibular aqueducts with OW and RW stimulation at frequencies below 1000 Hz, and 2) the flow through the aqueducts is reduced by the presence of non-water-like tissues within the lumens of the aqueducts.
3.4. The effect of the aqueducts on sound flow through the inner ear after either OW or RW immobilization
We also made predictions of the effect of immobilizing either the OW or RW while stimulating the remaining mobile window. Fig. 11 compares the input impedance at the OW and RW with the is dominated by the combination of the round-window and brain compliance whether the OW is immobilized or free. Above 200 Hz with either window immobilized, the impedance at the other window is fixed by the combined impedances of the acoustic masses of the two ducts, which increases proportionally with frequency producing an impedance of much greater magnitude than the normal case.
While the predicted impedances measured at either the RW or OW when the other window is immobilized are generally similar, there are large differences in the ratios of the elicited and stimulus volume velocities with different window immobilizations (Fig. 12) . When the RW is immobilized (Fig. 12a ) the model predicts that U S , U CH and U CA (and coincidentally U B ) are very similar in magnitude and angle as the relatively low-impedance CA that is positioned near the RW takes on the 'pressure-release' function of the immobilized RW. When the OW is immobilized and the stimulus is a volume velocity at the RW, U RW , U CA and U B are again very similar; however because of the significant volume flow through the CA, U CH (the volume velocity that drives the cochlear response) is smaller than U RW by a factor of 3e10. Thus, we predict mechanical stimulation of the RW to treat stapes immobilization would be inefficient in cats, due to a low-impedance Z CA . Whether this prediction is applicable to humans, with their different CA anatomy, requires further investigation.
Possible effects of non-cylindrical geometry on ductal impedances
As noted in the methods, and visible in Fig. 4 , the use of cylindrical tubes to model the ductal anatomy is a simplification. This is particularly true of the brain-side openings of the ducts, which are better described as narrow slits with elliptical cross sections rather than by cylinders with circular cross sections. These deviations from cylindrical shape have their largest effect on the calculated resistance of the ductal components, as the resistance depends on the surface area to volume ratio of the tubal components. However, the resistance of the total VA and CA are heavily influenced by the resistances of their narrowest portions, and these are better approximated by simple cylinders.
Conclusions
A preexisting model of the cat inner ear (Lynch et al., 1982) , supplemented with anatomically-derived cochlear and vestibular aqueducts can predict measurements made by Voss et al. (1996) that placed limits on the effect of additional cochlear sound pathways and cochlear compressibility on cochlear function. The model includes impedances associated with the flow of sound through the aqueducts into the relatively small cat braincase, and also includes an adjustment to the ductal impedances to compensate for the presence of soft-tissues within the ductal lumens. With the adjusted aqueduct impedances: 1) predictions of the Common Mode Rejection Ratio are within ±10 dB of those measured by Voss et al. (1996) , suggesting the effect of the model aqueducts is of the proper order of magnitude, 2) the aqueduct-associated decreases in RW volume velocity relative to an input stapes volume velocity are small and consistent with measurements suggesting near equality of the magnitude of the two window volume velocities, 3) difference in the impedance of the two aqueducts and their asymmetric placement (the VA with its higher impedance opens behind the high-impedance stapes and annular ligament, while the CA opens near the low-impedance RW) produce asymmetries in the volume velocities that flow through the two aqueducts, and 4) the data suggest that because of the CA, mechanical stimulation of the stapes in the OW can produce high-levels of cochlear stimulation when the RW is immobilized; however, the CA also acts to reduce cochlear stimulation by mechanical stimulation of the RW (by as much as a factor of 10) when the stapes and OW are immobilized. How these results generalize to the human ear requires more investigation.
